Defects in neuronal migration cause brain malformations, which are associated with intellectual disability (ID) and epilepsy. Using exome sequencing, we identified compound heterozygous variants (p.Arg71His and p. Leu729ThrfsTer6) in TMTC3, encoding transmembrane and tetratricopeptide repeat containing 3, in four siblings with nocturnal seizures and ID. Three of the four siblings have periventricular nodular heterotopia (PVNH), a common brain malformation caused by failure of neurons to migrate from the ventricular zone to the cortex. Expression analysis using patient-derived cells confirmed reduced TMTC3 transcript levels and loss of the TMTC3 protein compared to parental and control cells. As TMTC3 function is currently unexplored in the brain, we gathered support for a neurobiological role for TMTC3 by generating flies with post-mitotic neuron-specific knockdown of the highly conserved Drosophila melanogaster TMTC3 ortholog, CG4050/tmtc3. Neuron-specific knockdown of tmtc3 in flies resulted in increased susceptibility to induced seizures. Importantly, this phenotype was rescued by neuron-specific expression of human TMTC3, suggesting a role for TMTC3 in seizure biology. In addition, we observed co-localization of TMTC3 in the rat brain with vesicular GABA transporter (VGAT), a presynaptic marker for inhibitory synapses. TMTC3 is localized at VGAT positive pre-synaptic terminals and boutons in the rat hypothalamus and piriform cortex, suggesting a role for TMTC3 in the regulation of GABAergic inhibitory synapses. TMTC3 did not co-localize with Vglut2, a presynaptic marker for excitatory neurons. Our data identified TMTC3 as a synaptic protein that is involved in PVNH with ID and epilepsy, in addition to its previously described association with cobblestone lissencephaly.
Introduction
Many neurodevelopmental disorders associated with epilepsy and intellectual disability (ID) are caused by defects in neuronal migration, which result in brain malformations such as lissencephaly, pachygyria, polymicrogyria, and periventricular nodular heterotopias (PVNHs) (1) . PVNH is one of the most common brain malformations, and is caused by the failure of neurons to migrate from the ventricular zone to the cortex during early brain development (2) . PVNH has been linked to mutations in FLNA (OMIM 300049) (3), ARFGEF2 (OMIM 608097) (4), ERMARD (OMIM 615544) (5) , and NEDD4L (OMIM 617201) (6) . Functional investigation of these causative genes suggests that PVHN may result from disrupted cytoskeletal dynamics and vesicular trafficking (7) . PVNH-causing mutations in NEDD4L have been shown to cause deregulation of Akt and mTor signaling (6) . Despite these advances, the mechanisms underlying PVNH are still not well understood, and most cases have no genetic diagnosis.
Recently, the transmembrane and tetratricopeptide repeat containing 3 (TMTC3) gene was implicated in a neuronal migration defect leading to cobblestone lissencephaly (COB), a cortical malformation caused by over migration of neurons beyond the basement membrane. Here, we show that loss of TMTC3 also causes PVNH, in a family with four affected siblings presenting with nocturnal seizures and ID. Furthermore, we demonstrate a neuron-specific role for TMTC3 in mechanically induced seizures in Drosophila, and provide evidence for synaptic localization of TMTC3 in the mammalian brain.
Results

Clinical description of patients with nocturnal seizures and ID
Four siblings, three females and one male, the only children born to a healthy non-consanguineous Pakistani couple (Fig. 1A) , have a similar history of mild to moderate ID and recurrent nocturnal seizures, with onset between one and four years of age ( Table 1 ). The seizures start with upper respiratory airway obstruction, followed by tonic stiffening and coarse tremor of the limbs. Episodes typically last less than 1-2 min and can occur up to 4 times per night, up to 4 to 5 days a week. There is no history of diurnal or photic-induced seizures, except for few rare seizures during the day in II-2. Seizure frequency has decreased with age and on various combinations of carbamazepine, lamotrigine, valproic acid, and clobazam. Currently, at ages ranging between 21 and 30 years, all have been seizurefree for at least a year.
All four siblings were born at term and apparently had normal gross motor development with sitting and walking achieved by 1 year. Three of the four began talking at 1 year, but II-3 did not talk until 4 years. There were cognitive delays from early childhood, with no regression in skills. The two older siblings can read. II-3 and II-4 have behavioral problems consisting of aggression, agitation, irritability, and self-harm. All 4 siblings are bilingual in English and Urdu, and can express themselves to a greater or lesser degree and follow simple instructions. They are all capable of activities of daily living. Subject II-2, whose seizures were the most difficult to control, has the highest cognitive functioning and has mild ID. The other three siblings have more limited vocabulary and skills, and are functioning in the moderate range of ID. In subject II-4, behavioral problems with aggression towards family and peers are significant and thus she cannot be left alone for any length of time. All have normal strength and can climb, run, and lift objects with no evidence of muscle weakness. None of the sibs has any ophthalmologic concerns.
Common physical features include abnormalities in dentition including enamel hypoplasia, anterior overbite and medial deviation of the mandibular dentition, and flexion contractures of the proximal interphalangeal joints of the 5 th fingers (Table 1) . Muscle strength and head circumferences are normal. Clinical images of all siblings are shown in the Supplementary Material, Figure S1 . Individual II-3, age 23 years, has mild facial dysmorphism with mid-facial hypoplasia, low nasal bridge, several hyperpigmented macules on the tongue, flattening of the helix and bilateral epicanthal folds. She has extensive lymphaedema of both lower extremities and her left upper extremity, which began following a fungal infection 10 years ago. She is also the only sib with borderline growth restriction. Both parents have university degrees. Family history is negative for any other individuals with seizure disorder or intellectual disability.
Electroencephalogram (EEG) findings: Subject II-2 had an EEG at age 27 years which showed a moderate degree of generalized slowing in the theta range and an epileptic sharp wave in the left temporal region ( Fig. 2A and B) . EEG for the other three siblings was not possible, due to behavioral issues. These siblings had EEGs which were reportedly normal in childhood, but details were not available. Sleep EEG's and video-EEG telemetry could not be carried out due to practical considerations.
Diagnostic imaging: MRI of the head in subject II-1, II-2, and II-3 showed bilateral periventricular heterotopias in the temporal lobes (Fig. 2C-E) . Subject II-2 also showed a probable developmental venous anomaly in the superior temporal gyrus white matter and subject II-3 showed a stable downward displacement of the cerebellar tonsils, consistent with Arnold-Chiari type I malformation (Table 1) . MRI scans at 1.5 T MR scanner in subject II-4 were normal with no definite evidence of neuronal migration defects.
Compound heterozygous TMTC3 variants in patients with nocturnal seizures and ID
Based on the family pedigree (Fig. 1A) , dominant as well as recessive disease models were applied to determine the genetic 
Abbreviations: N, normal; þ, present; À, absent; MRI, magnetic resonance imaging.
cause of the disease. Through whole exome sequencing, we observed two novel compound heterozygous variants (c.432 G > C, p.Arg71His; and c.2404insA, p.Leu728fsTer6) in TMTC3 in the affected individuals (Fig. 1B) . TMTC3 encodes the transmembrane and tetratricopeptide repeat containing 3 protein. These variants have not been reported in the Exome Aggregation Consortium (ExAC) database. Overall, there are no homozygous TMTC3 protein truncating variants found in ExAC, which further supports candidate pathogenicity of these variants. TMTC3 contains 914 amino acids and is characterized by 9 transmembrane domains and 9 tetratricopeptide repeat (TPR) domains (Fig. 1B) . Although the p.Arg71His variant is not located within any of these functional domains, multiple in silico analyses predicted the variant to be detrimental to protein function. This amino acid is conserved in mammals, zebrafish, and Drosophila, suggesting an important role in the function of the protein. The p.Leu728fsTer6 variant is predicted to cause truncation of the protein leading to complete loss of the final three TPR domains (Fig. 1B) . TPR domains are critical for protein interactions and are known to be functional only in groups of 3 or 4. These domains represent the main functional component of TMTC3, and therefore their loss is likely to have a drastic impact on the protein. Furthermore, both TMTC3 variants segregated with disease status in the family (Fig. 1A) . All four children are heterozygous for both variants, whereas the father is heterozygous only for p.Leu728fsTer6 and the mother is heterozygous only for p.Arg71His.
Loss of TMTC3 in patients with nocturnal seizures and ID
To determine the effect of the TMTC3 variants on protein and transcript expression, we evaluated TMTC3 expression levels via immunoblotting and RT-PCR, respectively, using patient derived fibroblast cells. We observed complete loss of TMTC3 protein in fibroblast cells extracted from two affected individuals relative to both parents and a healthy TMTC3 wild type control ( Fig. 3A) . TMTC3 transcript expression was detected in patient cells but at significantly lower levels than both in parents and a control (P < 0.01) (Fig. 3B ). Since the TMTC3 antibody used here is directed against the C-terminal of the protein, we cannot rule out the production of a truncated protein product from the p.Leu728fsTer6 allele, however, our data demonstrate that any protein product from the p.Arg71His missense mutation is degraded. These findings suggest that the observed TMTC3 mutations likely underlie nocturnal seizures and ID.
Neuronal knockdown of Drosophila tmtc3 causes increased susceptibility to mechanically induced seizures
Having identified TMTC3 loss of function mutations in four sibling presenting with epilepsy, we sought to investigate the role of TMTC3 in seizure biology. The TMTC3 protein is highly conserved (60% amino acid similarity and 46% identity) and displays a one-to-one orthology with the Drosophila protein encoded by CG4050, here referred to as tmtc3. According to large scale expression data available on FlyBase, Drosophila tmtc3 is widely expressed, including a relatively high expression level in the adult brain and larval central nervous system (8) . Over the course of development, however, tmtc3 has it highest expression in the early embryo (9) . Because of the broad expression pattern, and the high expression in early development, we sought to analyze adult flies with a neuron specific TMTC3 knockdown rather than germline mutants, which may have phenotypes related to non-neuronal tissue or early developmental defects. To this end, we tested two Gal4-responsive RNAi transgenes encoding inverted repeats (IR) homologous to Drosophila tmtc3, UAS-tmtc3-IR1 and UAS-tmtc3-IR2. When RNAi expression was induced using the ubiquitous actin promoter to drive Gal4 expression there was a 70% reduction in tmtc3 mRNA with UAS-tmtc3-IR1 and only a 20% reduction with UAS-tmtc3-IR2 (Fig. 4A ), therefore our analysis focuses on UAS-tmtc3-IR1.
We investigated the function of tmtc3 in flies using an established seizure paradigm known as bang sensitivity (10, 11) . In this assay, seizure-like behaviors are induced by mechanical disturbance (vortexing). The response is measured as the amount of time that individual flies are immobilized on their back and unable to right themselves onto their feet. To test for a role in mechanically induced seizures, we used flies with a neuron-specific RNAi knockdown of tmtc3 (genotype: elav-Gal4/ þ; UAS-dcr2/UAS-tmtc3-IR1) and compared these to genetic background controls possessing the elav-Gal4 driver with no RNAi, or the tmtc3 RNAi transgene with no Gal4 driver (genotypes: elavGal4/þ; UAS-dcr2/þ and þ/þ; UAS-tmtc3-IR1/UAS-dcr2). Notably, the proportion of flies experiencing immobilization in response to vortexing was increased by more than 2-fold upon neuron specific knockdown of tmtc3 compared to both controls ( Fig. 4B ; see Supplementary videos showing: a normal response with no immobilization in Supplementary Video S1; and a seizure-like response demonstrating immobilization on the back and uncontrollable movement in Supplementary Video S2). To confirm the specificity of this RNAi induced phenotype, we performed rescue experiments using two independent human TMTC3 transgenes (rescue genotypes: elav-Gal4/UAS-hTMTC3-1; UASdcr2/UAS-tmtc3-IR1 and elav-Gal4/UAS-hTMTC3-2; UAS-dcr2/UAStmtc3-IR1). Expression of both human transgenes did cause a significant reduction in the proportion of flies immobilized in response to vortexing, when compared to knockdown flies (Fig. 4B ). Finally, we tested an additional genotype that expresses a UAS-GFP transgene in in place of the human UAShTMTC3 transgenes (genotypes: elav-Gal4/UAS-GFP; UAS-dcr2/ UAS-tmtc3-IR1). The purpose of this control is to ensure that the observed rescue by the human TMTC3 transgene is not due to the addition of an extra UAS site, which may titrate the available Gal4 protein such that the RNAi expression becomes too low to efficiently induce a knockdown. The presence of an additional UAS site did not significantly reduce the proportion of immobilized flies compared to UAS-tmtc3-IR1 alone (P ¼ 0.21). The proportion of flies immobilized in the presence of UAS-GFP was clearly greater than that of the controls and the human transgenic rescue genotypes (Fig. 4B ), and this difference was statistically significant or approaching significant (tmtc3-IR1 P ¼ 0.004; elavGal4 P ¼ 0.06; hTMTC3-1 P ¼ 0.08; hTMTC3-2 P ¼ 0.02). Therefore, it appears that tmtc3 knockdown in neurons increases susceptibility to mechanically induced seizure in Drosophila, and this phenotype can be recovered by transgenic rescue in a humanized fly.
In addition to seizure susceptibility proportions at the population level, we also examined the duration of immobilization in response to vortexing for each individual fly. When considering only flies that were immobilized, the median recovery time is similar between all genotypes (Fig. 4C) , suggesting that tmtc3 knockdown does not affect seizure severity, but rather increases the probability of immobilization in response to vortexing.
To further elucidate the underlying mechanisms of the observed immobilization phenotype, we investigated whether the knockdown of Drosophila tmtc3 may cause changes in neuronal morphology. We identified no morphological differences upon examination of several different neuronal structures in tmtc3 knockdown flies; including gross mushroom body morphology (Supplementary Material, Fig. S2A and B) , dendrite arborization in type 4 multidendrite neurons (Supplementary Material, Fig. S2C-E) , and synaptic morphology at the neuromuscular junction (Supplementary Material, Fig. S2F-H) . These structures represent model systems for the analysis of axon, dendrite, and synaptic morphogenesis, respectively. This suggests that Drosophila tmtc3 may not have a widespread role in the regulation of neuronal morphogenesis, however, this analysis is limited to post mitotic knockdown and it is possible that germline null mutations may have a different effect.
TMTC3 is localized at presynaptic terminals in rat brains
TMTC3 is a predicted membrane protein containing 9 transmembrane domains, and has been shown to partially colocalize with an endoplasmic reticulum marker in cultured odontoblasts (12) . Considering that TMTC3 has a functional role in Drosophila neurons and appears to play a conserved role in seizure susceptibility in both flies and humans, we sought to investigate the localization of TMTC3 in the mammalian brain, using rat brain sections. First, we used a commercially available anti-TMTC3 antibody (sc-398137, Santa Cruz) directed against the human protein, which has 90% amino acid identity to rat Tmtc3. This antibody showed a restricted expression of TMTC3 with the only significant signal appearing in the hypothalamus Wilcoxon rank test. * -indicates a significant difference with controls (tmtc3-IR1 þ dcr2, P ¼ 0.0006; elavGal4 þ dcr2, P ¼ 0.02) and rescue genotypes (hTMT3-1, P ¼ 0.04; hTMTC3-2, P ¼ 0.008). # -indicates a significant difference with tmtc3-IR1 þ dcr2 (P ¼ 0.004) and hTMTC3-2 (P ¼ 0.02), and a borderline significant difference with elavGal4 þ dcr2 (P ¼ 0.06) and hTMT3-1 (P ¼ 0.08). (C) Boxplots showing the righting time of flies that were immobilized in response to vortexing. and piriform cortex (Fig. 5A and B) . Immunoreactivity was observed to be punctate and not localized in cell bodies (see white arrows in A and B). This pattern of expression was completely blocked using a blocking peptide against sc-398173, suggesting that the signal is highly specific.
High magnification (60X) images confirm that TMTC3 immunofluorescence is indeed highly punctate, concentrated around cell bodies, but largely absent within cell bodies. We hypothesized that this expression could be in nerve terminals within these regions. To test this, we performed co-localization analysis with vesicular GABA transporter (VGAT), a presynaptic marker for inhibitory synapses, and vesicular glutamate transporter 2 (Vglut2), a presynaptic marker for excitatory synapses. TMTC3 did not appreciably co-localize with Vglut2 ( Fig. 5C-E) . To examine TMTC3 co-localization with VGAT we used a different TMTC3 antibody obtained from another supplier (ab81473; see Methods), as both TMTC3 (sc-398173) and our VGAT antibodies (Synaptic Systems, 131011) were raised in the same species (mouse). As the peptide information for ab81473 is proprietary, we were unable to obtain a blocking peptide to directly demonstrate specificity. However, the second TMTC3 antibody showed an identical pattern of express as the original one, suggesting that ab81473 is specific for TMTC3 (compare Fig.  5D and G). Using this antibody, we found that TMTC3 was colocalized with a subpopulation of VGAT positive puncta in the hypothalamus (Fig. 5F-H ) and piriform cortex (Fig. 5I) .
These data show that TMTC3 is localized in a subpopulation of GABAergic inhibitory synaptic terminals and boutons, and absent from excitatory glutamatergic presynapses.
Discussion
PVNH is one of the most common forms of cortical brain malformation and for most cases there is no genetic diagnosis. Here, we identify TMTC3 mutations as a novel cause of PVNH, accompanied by nocturnal epileptic seizures and ID (Figs 1-3 , Table 1 ). The identified TMTC3 variants have not been reported in any publicly accessible database of genetic variation and our whole exome analysis did not reveal any other plausible candidate genetic variants in the four affected siblings. The ExAC database does not report a single example of homozygous loss of function or damaging missense mutations in TMTC3, indicating that disruption of the TMTC3 protein is likely to be detrimental to cell function. The implication of TMTC3 in PVNH is consistent with a recent report by Jerber et al., which identified a role for TMTC3 in COB, which also results from defects in neuronal migration (13) . COB represents over-migration of neuronal cells, whereas PVNH occurs when neurons fail to migrate from the ventricles. Jerber et al., studied 25 families with COB, and six families (nine patients) carried recessive variants in TMTC3, none of whom carried the same recessive variants as the patients described herein. Frameshift or nonsense variants were found in 8 of 14 alleles, and 4 out of 6 families. All nine patients had ID, delayed gross and fine motor skills, delayed language development, and defects in neuronal migration. Eight of nine patients had the hallmark clinical feature, COB, while the remaining individual had subcortical and periventricular hypomyelination, which has been described to precede patchy dysmyelination, and overmigration of neuronal cells in the leptomeningeal space. The majority of patients (six of nine) had diurnal seizures commencing between 4 and 8 months. These observations, in combination with our study, collectively support a role for TMTC3 in a spectrum of cortical malformation disorders causing ID and epilepsy. Our study highlights the clinical variability that can be associated with TMTC3 mutations, by identification of individuals with clear loss of TMTC3 function, who present with a milder phenotype of nocturnal seizures and PVNH.
Functionally, we demonstrate a neuron-specific role for TMTC3 in Drosophila seizure susceptibility (Fig. 4) . The "bang sensitivity" test employed here is a classic assay for mechanically induced seizure, characterized by immobilization in response to a strong mechanical stimulus (14) . Loss of Drosophila tmtc3 specifically in post-mitotic neurons doubles the rate of immobilization in response to vortexing (Fig. 4B) , suggesting that loss of tmtc3 renders neurons susceptible to seizure. This phenotype is rescued by expression of a human TMTC3 transgene specifically in neurons. Therefore, although the seizure paradigm employed here is not directly comparable to the human condition, we have illustrated that the human protein is functionally relevant in the context of mechanically induced seizures in Drosophila. To date, this type of humanized rescue experiment is not standard in Drosophila studies investigating human disease genes. However, recent studies have shown that this can be an effective means of assessing human gene function, and potentially disease causing mutations in flies (15) (16) (17) (18) (19) (20) .
The suspected mechanisms underlying cortical malformation disorders associated with epilepsy are primarily related to defects in cytoskeletal organization and cell signaling pathways, such as the Akt-mTOR pathway. Recently, NEDD4L was associated with PVNH and dysregulation of mTor signaling (21) . Other components of the mTor signaling pathway, including the GATOR1 complex and TSC1/2, have been implicated in epilepsy with focal cortical dysplasia and diverse brain lesions suggestive of global defects in neuronal migration (22, 23) . The potential link between TMTC3 and these biological processes remains unclear.
TMTC3 is a membrane protein that contains several TPRdomains, which mediate protein-protein interactions in many different biological processes (24) . Here, we show that TMTC3 is localized at inhibitory GABAergic synapses in the hypothalamus and piriform cortex of the rat brain, but is not present at excitatory glutamatergic synapses (Fig. 5) . Interestingly, the TMTC3 paralogs, TMTC1 and TMTC2, are predicted to act as adaptors that nucleate the formation of large protein complexes involved in the regulation of calcium transport across the ER membrane (25) . Based on the similar domain structure seen in TMTC3, it is possible that this protein plays a similar role at the synapse. This is supported by protein interaction data for TMTC3 from several proteomic studies (26) (27) (28) (29) , which are annotated through the BioGRID database (30) . Of the 21 TMTC3 interactors listed in BioGRID, six are involved in gated ion channel activity (CHRND, HTR3C, HTR3A, ZACN, GABRE, and SCN3B) and five are localized at the synapse (CHRND, HTR3A, NRG1, GABRE, and DAB1; annotations from PANTHER) (31) . Interestingly, neuronal migration is known to depend on synaptic activity and the regulation of calcium gradients (32, 33) . In mice, migration of neurons in the subventricular zone is dependent on tight regulation of GABA release and uptake (34) . TMTC3 might regulate neuronal migration through modulation of synaptic activity or through calcium transport at GABAergic synaptic terminals, however, further studies are needed to investigate this possibility.
This study identifies TMTC3 as a novel synaptic protein involved in PVNH, epilepsy and ID, and lays the foundation for future investigations towards understanding the specific role of TMTC3 in the regulation of synaptic function and neuronal migration.
Materials and Methods
Patients
Four children of a healthy non-consanguineous Pakistani couple were diagnosed with nocturnal seizures of unknown cause with ID. Blood and tissue (skin-derived fibroblasts) samples were collected from all four affected children and both parents following appropriate and informed consent in accordance with the Research Ethics Board at Western University, London, Ontario, Canada.
DNA isolation
DNA was isolated from blood or cultured cells collected from every family member using the Gentra Puregene Blood kit (Qiagen) per the manufacturer's instructions.
Next generation sequencing
Whole exome sequencing was performed using genomic DNA from two affected individuals (II-2 and II-3) on the Illumina HiSeq 2000 with 2x100 paired end chemistry in accordance with library protocols used at The Centre for Applied Genomics (TCAG) at The Hospital for Sick Children, Toronto, Ontario as previously described (35, 36) . Genome Analysis Toolkit (GATK) was used to generate the coverage of the whole exome in the form of variant calling format (VCF) files as previously described (35, 37, 38) .
Variant discovery
Initially, we applied a dominant model analysis on the patients' exomes with no mutations observed in known epilepsy genes as we were considering the possibility of incomplete penetrance or mosaicism. We also did not observe any promising dominant variants in other genes. We then applied a recessive model of inheritance (homozygous and compound heterozygous) on all variants. We scanned for variants in genes known to cause seizures and/or ID based on literature and OMIM, as well as all protein-coding genes covered by whole exome sequencing. Given the rarity of the disease, we screened for rare variants (minor allele frequency [MAF, <1%]) according to NCBI dbSNP, 1000 Genomes (39), NHLBI ESP Exome Variant Server (40) , and Exome Aggregation Consortium (ExAC) (41) datasets to identify any variants. To determine the predicted biological effect of non-synonymous variants on protein function, candidate variants (p.Arg71His and p.Leu728fsTer6) were assessed using the following predictive in silico tools: Polymorphism Phenotyping version 2 (PolyPhen-2) (42), Sorting Intolerant From Tolerant (SIFT) (43) , and MutationTaster2 (44) . To determine amino acid conservation, human protein sequences were aligned to other protein sequences from a diverged set of species using ClustalW2.
Variant validation
Candidate variants were confirmed by Sanger sequencing, as previously described (35) . Forward and reverse primers specific to amplify TMTC3 (RefSeq number NM_181783.3) g.88153313 on chromosome 12 (p.Arg71His, c.212 G > A) were: 5'-CAGTG ATGAGCTTTTGTACCC-3' and 5'-CACACTACTCTTGTTGTCC-3', respectively; and TMTC3 g.88195088dupA (p.Leu728fsTer6, c.2184dupA) were: 5'-AAGCCGACTTCCGAAGTGCT-3' and 5'-TT CCTTGCACATTGCTTGG-3'. Primers were designed using GRCh38/hg38. The PCR annealing temperature was 58˚C.
Tissue culture
Skin fibroblasts from patients, both parents, and a healthy (TMTC3 wild type) control were cultured in Petri plates with Dulbecco's modified Eagle's medium (GIBCO, Carlsbad, CA, USA) as previously described (35) .
Immunoblotting
Protein expression was analyzed by immunoblotting and quantified by densitometry as previously described (35) . Anti-TMTC3 (1: 100, Santa Cruz Biotechnology, Dallas, Texas) was used as a primary antibody. For a positive control, a-tubulin (1: 10,000, Sigma-Aldrich, Saint Louis, Missouri) was used. Anti-mouse (1: 10,000, Jackson ImmunoResearch Laboratories, Inc) was used as a secondary antibody.
Reverse transcriptase PCR
RNA was isolated from fibroblast cells using the RNeasy Mini Kit per the manufacturer's instructions (Qiagen) as previously described (35) . The data are representative of six independent biological replicates.
Drosophila stocks
Fly lines expressing transgenic RNAi encoding inverted repeats for the CG4050 gene (33248 and 110199, here referred to as UAStmtc3-IR1 and UAS-tmtc3-IR2, respectively) and the appropriate genetic background control lines (60,000 and 60,100, respectively) were obtained from the Vienna Drosophila Resource Center (Vienna, Austria). elav-Gal4; UAS-dcr2 was a gift from A. Schenck. UAS-dcr2 (24644 and 24650), R14H06-Gal4 (48667) UAS-mcD8:: GFP (5130) and 477-Gal4, UAS-mcD8:: GFP (8746) were obtained from the Bloomington Drosophila Stock Center (Indiana, USA). For creation of transgenic flies with inducible expression of human TMTC3 (UAS-hTMTC3-1 and UAS-hTMTC3-2), TMTC3 cDNA (Internal ID 53914 of the hORFeome V5.1 of the CCSB Human Orfeome Collection and Entrez Gene ID 160418) was inserted into the pTW vector at the SPARC BioCentre (SickKids Hospital, Toronto) using standard Gateway cloning. Transgenic flies were created using standard P-element based transgenesis at Best Gene Inc. (California, USA).
RT-qPCR
Quantitative Real-Time PCR (RT-qPCR) was performed to evaluate the potency of UAS-tmtc3-IR1 and UAS-tmtc3-IR2. RNAi lines and controls were crossed the ubiquitous Actin-Gal4 driver line and third instar larvae were selected for analysis. RNA was extracted using the RNeasy Lipid Tissue Mini Kit (Qiagen). cDNA was made using the iScript cDNA synthesis kit (BioRad). RTqPCR was performed using the BioRad CFX 384 and the SYBRgreen master mix (BioRad) with primers directed against CG4050, and the reference genes, bCOP, eIF2Bb, and RpII140. CG4050 expression was compared in control and RNAi genotypes using a Student's t-test.
Bang sensitivity assays
Bang sensitivity assays were performed using 5-9-day old male flies, raised at 29 C. The following genotypes were analyzed:
, and elavGal4/UAS-GFP; UAS-dcr2/UAS-tmtc3-IR1 (n ¼ 127). Male flies were collected in groups of ten to twelve and aged for several days. For testing, 5-9-day-old flies were transferred to empty food vials without the use of CO 2 . After a 5-min acclimatization period, the vials were vortexed at the highest setting for 20 s. Immediately after vortexing, the behavioral response was video recorded. After an additional 10-min rest period, flies were vortexed again in a second trial. Videos were observed for seizure-like responses, characterized by complete immobilization on the back and/or uncontrollable movement for 3 or more seconds (see Video S1
and Video S2). The time of immobilization was recorded for each individual fly as was the proportion of flies immobilized per test vial. The proportion of immobilized flies was averaged between the two trials for each tube and these values were visualized as a box plot (Fig. 4B ). Statistical differences between genotypes were compared using the Wilcoxon rank test.
Immunohistochemistry, image acquisition, and analysis
Rat brains: sections were washed with 1x PBS with 0.2% Triton X-100 three times for 5 min and blocked in 10% goat serum and 10% donkey serum in 1x PBS with 0.025% Triton X-100 and 1% bovine serum albumin (BSA) for 1 h. The primary antibodies were diluted in 1x PBS with 1% BSA and 0.025% Triton X-100. The microscope was equipped with a Hamamatsu Orca ER CCD camera (1300 Â 1030 pixels; pixel size 6.5 lm) and images were acquired using Volocity software. Each image shown represents a stack of 10 images spaced 0.2 lm apart in the z-plane, for each wavelength. Image stacks were deconvoluted using Autoquant (Media Cybernetics, Bethesda, MD, U.S.A.) software (using the manufacturer supplied PSF adapted for spinning disk microscopy). Analysis of the stacks was performed using IMARIS (Bitplane, Zurich CH) as previously described (45) . Briefly, the deconvoluted image stacks were segmented so only the brightest pixels (top 5%) were co-localized with the brightest 5% on the other channel. This generated a third channel shown in white in Figure 5 . Image stacks were collapsed to a 2-D image where colocalized volumes (voxels) are shown in white.
Fly multidendritic neurons: The following genotypes were dissected as third instar larvae and fixed in 4% paraformaldehyde: 477-Gal4, UAS-mcD8::GFP/þ (control) and þ/þ; 477-Gal4, UAS-mcD8::GFP/UAS-tmtc3-IR1. Tissue was incubated in PBT (PBS with 0.3% triton-X 100) for 40 min and blocked in PBT supplemented with 5% normal goat serum. Larvae were incubated for two nights with anti-GFP (1: 25, mouse, developmental studies hybridoma bank [DSHB] ) and anti-mCD8 (1: 100, rat, Life Technologies) primary antibodies diluted in PBT with 5% NGS. After washing in PBT, larvae were incubated overnight with secondary antibodies anti-mouse-DyLight488 (1: 400, goat, ThermoFisher) and anti-rat-DyLight488 (1: 400, goat, ThermoFisher). Dorsal type IV multidendritic neurons were imaged using a Zeiss LSM 510 DUO Vario confocal microscope. The entire neuron was captured by combining several fields of view using the tile scan function. Image stacks were imported to Neuron Studio and traced (46) . Centrifugal edge labeling was performed and analyzed using the LMeasure program to quantify various features of the neurons (47) . A student's t-test was used to determine if any significant differences were present between the number of bifurcations, number of branches, number of tips, and overall length of the control and UAS-tmtc3-IR1 Type IV multidendritic neurons.
Fly neuromuscular junction (NMJ): the genotypes elavGal4/þ; UAS-dcr2/þ (control) and elavGal4/þ; UASdcr2/UAS-tmtc3-IR1, were processed as described above, with the following changes. Primary antibodies used were: anti-HRP (1: 500, rabbit, Jackson Immuno Research) and anti-brp (nc82, 1: 15, mouse, DSHB). Secondary antibodies used were anti-rabbit-DyLight488 (1: 400, goat, ThermoFisher) and anti-mouse-DyLight594 (1: 400, goat, ThermoFisher). To determine whether the knockdown of the tmtc3 gene had any effect on the morphology of the Drosophila NMJ, images of the NMJ were loaded into the open-source image analysis software, Fiji (48) . Using the algorithm, 'Drosophila_NMJ_Morphometrics' (49) features of the NMJ were quantified for analysis. A Mann-Whitney test for nonparametric data was used to determine if any significant differences were present between the number of branches, active zones, and the overall length and area of the control and UAS-tmtc3-IR1 NMJ.
Fly mushroom bodies: The mushroom body specific R14H06-Gal4 driver line (50) was used to express tmtc3 RNAi constructs and GFP. Adult male fly brains were dissected from the genotypes UAS-dcr2/mcD8:: GFP; R14H06-Gal4/UAS-tmtc3-IR1, and UAS-dcr2/mcD8GFP; R14H06-Gal4/þ, and fixed for 1 h in 4% paraformaldehyde. GFP labeled mushroom bodies were imaged using a Zeiss LSM 510 DUO Vario confocal microscope.
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